Hyperspectral confocal fluorescence imaging provides the opportunity to obtain individual fluorescence emission spectra in small (Ϸ0.03-m 3 ) volumes. Using multivariate curve resolution, individual fluorescence components can be resolved, and their intensities can be calculated. Here we localize, in vivo, photosynthesis-related pigments (chlorophylls, phycobilins, and carotenoids) in wild-type and mutant cells of the cyanobacterium Synechocystis sp. PCC 6803. Cells were excited at 488 nm, exciting primarily phycobilins and carotenoids. Fluorescence from phycocyanin, allophycocyanin, allophycocyanin-B/terminal emitter, and chlorophyll a was resolved. Moreover, resonance-enhanced Raman signals and very weak fluorescence from carotenoids were observed. Phycobilin emission was most intense along the periphery of the cell whereas chlorophyll fluorescence was distributed more evenly throughout the cell, suggesting that fluorescing phycobilisomes are more prevalent along the outer thylakoids. Carotenoids were prevalent in the cell wall and also were present in thylakoids. Two chlorophyll fluorescence components were resolved: the shortwavelength component originates primarily from photosystem II and is most intense near the periphery of the cell; and the long-wavelength component that is attributed to photosystem I because it disappears in mutants lacking this photosystem is of higher relative intensity toward the inner rings of the thylakoids. Together, the results suggest compositional heterogeneity between thylakoid rings, with the inner thylakoids enriched in photosystem I. In cells depleted in chlorophyll, the amount of both chlorophyll emission components was decreased, confirming the accuracy of the spectral assignments. These results show that hyperspectral fluorescence imaging can provide unique information regarding pigment organization and localization in the cell.
Hyperspectral confocal fluorescence imaging provides the opportunity to obtain individual fluorescence emission spectra in small (Ϸ0.03-m 3 ) volumes. Using multivariate curve resolution, individual fluorescence components can be resolved, and their intensities can be calculated. Here we localize, in vivo, photosynthesis-related pigments (chlorophylls, phycobilins, and carotenoids) in wild-type and mutant cells of the cyanobacterium Synechocystis sp. PCC 6803. Cells were excited at 488 nm, exciting primarily phycobilins and carotenoids. Fluorescence from phycocyanin, allophycocyanin, allophycocyanin-B/terminal emitter, and chlorophyll a was resolved. Moreover, resonance-enhanced Raman signals and very weak fluorescence from carotenoids were observed. Phycobilin emission was most intense along the periphery of the cell whereas chlorophyll fluorescence was distributed more evenly throughout the cell, suggesting that fluorescing phycobilisomes are more prevalent along the outer thylakoids. Carotenoids were prevalent in the cell wall and also were present in thylakoids. Two chlorophyll fluorescence components were resolved: the shortwavelength component originates primarily from photosystem II and is most intense near the periphery of the cell; and the long-wavelength component that is attributed to photosystem I because it disappears in mutants lacking this photosystem is of higher relative intensity toward the inner rings of the thylakoids. Together, the results suggest compositional heterogeneity between thylakoid rings, with the inner thylakoids enriched in photosystem I. In cells depleted in chlorophyll, the amount of both chlorophyll emission components was decreased, confirming the accuracy of the spectral assignments. These results show that hyperspectral fluorescence imaging can provide unique information regarding pigment organization and localization in the cell.
cyanobacteria ͉ photosynthetic pigments ͉ multivariate curve resolution C yanobacteria convert light energy to chemical energy by means of photosynthesis, using water as a source of electrons for CO 2 reduction and O 2 production. A key part of the photosynthesis process is light absorption (harvesting) by pigments, followed by excitation transfer to reaction center chlorophyll (Chl) a of photosystems (PS) II and I (1). These processes take place in thylakoid membranes that in cyanobacteria generally form an extensive internal membrane complex of several layers along the periphery of the cytoplasm, with thylakoids found less frequently toward the center of the cell (2) .
The pigments associated with the photosynthetic apparatus are bound to thylakoid proteins, modifying their spectral properties and providing a spatial distribution that aids in the efficiency of light harvesting and energy transfer to reaction center Chls. Pigments bound to integral membrane proteins in reaction center complexes in thylakoids of cyanobacteria include Chl a [Ϸ40 per PS II (3) and Ϸ100 per PS I (4)] and carotenoids; the latter act in photoprotection and 3 Chl quenching but do not effectively transfer energy to Chl in cyanobacterial PS II (5) . Carotenoids are also present in the outer cell membrane and cytoplasmic membrane of cyanobacteria, whereas Chl is not (6, 7) . Additional light-harvesting capability, primarily for PS II, is provided by phycobilisomes, which are pigment-binding complexes in the cytoplasm that associate with thylakoids to enable energy transfer to Chl (8, 9) . Phycocyanin (PC), allophycocyanin (APC), and allophycocyanin-B (APC-B) are the main phycobilisome pigments in Synechocystis sp. PCC 6803 (10) .
Chl and phycobilisome pigments fluoresce at room temperature with spectral maxima in the 640-to 700-nm range. PC emits fluorescence with an Ϸ650-nm maximum, APC at 665 nm, and APC-B at 675 nm, and the main emission wavelength of Chl is at 685 nm (11) . Phycobilisomes are highly fluorescent in isolated form, but the fluorescence yield is decreased in intact systems because in vivo the excitation energy is transferred efficiently from PC to APC to APC-B or to long-wavelength APC associated with the ApcE protein (terminal emitter) (12) and eventually to Chl in the thylakoid membranes.
Much is known regarding cyanobacterial cell architecture and thylakoid organization (2, (13) (14) (15) , the structure of individual pigment-binding complexes (16, 17) , the distribution of photosynthetic complexes in fixed thylakoid membranes (18) , and the ability of phycobilisomes to dynamically associate with photosynthetic complexes in the membrane (19) (20) (21) . However, photosynthetic pigments and their interactions have not yet been visualized distinctly in vivo because of their spectral overlap. Spectral congestion (fluorescence emission maxima that are different by Ͻ20-30 nm) is common in photosynthetic systems that depend on spectral overlap for efficient energy transfer and presents a major problem in data analysis/interpretation. Confocal laser scanning microscopy coupled with spectral imaging techniques has the potential to visualize photosynthetic pigments even amidst spectral overlap. However, because of low spectral resolution of current commercial instrumentation and the absence of methods available for robust analysis of spectrally and spatially overlapped spectral images, application of this technique has been limited to systems with relatively few fluorescent pigments that are spectrally distinct and spatially isolated (22) . The recent development of a high-resolution hyperspectral confocal fluorescence imaging microscope (23) and correspond-ing robust multivariate curve resolution (MCR) algorithms (24) (25) (26) (27) (28) provide a unique opportunity to reliably resolve pigments with rather similar fluorescence emission spectra in a living cell with diffraction-limited spatial resolution (Ϸ250 ϫ 250 ϫ 600 nm). By using MCR, spectra representing pure fluorescent components can be extracted without reference spectra, provided that such components are not present in the same ratio relative to each other in all voxels. This approach allows a detailed determination of pure individual fluorescent components and their relative intensities in three dimensions within a single cell.
Synechocystis sp. PCC 6803 is a model cyanobacterium with a known genome sequence and a facile and reliable transformation system (29, 30) . Mutants lacking genes for specific photosystems or pigment biosynthesis pathways have been created. One mutant strain used in this study lacks the genes for PsaA and PsaB, the major subunits of PS I, with which Ϸ75% of the Chl in the cell is associated (31) . Consequently, the PS I-less strain contains only Ϸ25% of the usual amount of Chl a, without affecting the phycobilisome content. In addition, we use a strain that lacks chlL, which codes for a component of the lightindependent NADPH/protochlorophyllide oxidoreductase (32) . As a consequence, this strain cannot synthesize Chl in darkness, but Chl synthesis can occur in the light because of the presence of a light-dependent protochlorophyllide oxidoreductase (33) . Moreover, we have used the double mutant (PS I-less/ChlL-less) (34) and the wild-type strain in this study. Together, these strains represent a collection with different pigment compositions and properties and allow validation of spectral assignments.
Results

Hyperspectral Imaging of Intact Synechocystis Cells.
Using 488-nm laser excitation, fluorescence was elicited from intact, live Synechocystis cells of three strains grown under normal and light-activated heterotrophic growth (LAHG) conditions, and the fluorescence spectra were measured on a 120 ϫ 120 ϫ 300 nm (LxWxH) voxel (3D pixel) spacing, i.e., approximately half of the diffraction-limited spatial resolution. Data from these independent images were combined into a single composite image (Ϸ100 spectra for each cell, tens of cells per imaged area, and multiple images per strain) to facilitate analysis. Using MCR algorithms (24) (25) (26) (27) (28) , a single set of six independently varying pure emission spectra was found. These pure spectra were used to achieve an excellent least-squares fit (99.97% of the non-noise spectral variance explained) to all of the images of intact Synechocystis presented. These pure-component emission spectra ( Fig. 1A ) represent five major fluorescence components with emission maxima between 645 and 700 nm, plus one lowintensity component at shorter emission wavelength with resonance Raman bands superimposed. Two separate Chl components were resolved, one (Chl-698) red-shifted relative to the other (Chl-685), representing predominantly PS I-and PS IIassociated Chl, respectively. The fact that these two factors were resolved as separate components in MCR analysis indicates that they varied in intensity and location relative to each other in different pixels: Two fluorescence components that covary in their amplitudes in all locations will not be resolved as separate MCR components. To determine which pigments are excited at 488 nm, fluorescence spectra of whole cells were obtained by using a conventional fluorimeter (SI Fig. 6 ). At 488 nm primarily phycobilisomes and carotenoids are excited and Chl a absorbs poorly. Part of the longer-wavelength Chl emission observed upon 488-nm excitation originates by energy transfer from phycobilisomes or carotenoids. Fig. 2A presents fluorescence intensities of individual components in a two-dimensional plane through a typical wild-type cell. Fig. 2B presents the relative intensities of fluorescence components obtained from an average of 10 evenly spaced cross-cuts through the wild-type cell shown in Fig. 2 A. Fig. 2C represents the standard deviation of the 10 cross-cuts indicating that these distributions are statistically significant for nearly all components throughout the cell at the ␣ ϭ 0.05 significance level. Only the distribution of the very weak APC-B component is not always statistically significant throughout the width of the cells (see SI Fig. 7 for a direct comparison of the mean distributions and two standard deviation levels). Similar trends are observed for the population of 10 wild-type cells (first row in SI Fig. 5 ) based on 10 cross-cuts through each of the 10 cells (100 cross-cuts total; data not shown), although the variable cell size adds slightly to the variance of these distributions across all of the cells. Chl fluorescence components were present where thylakoids are expected (2), with the 698-nm component more homogeneously distributed than the 685-nm component, which more closely followed the distribution of the PC and APC components along the periphery of the cell. However, the relative intensity near the center of the cell was slightly higher for Chl-685 than for PC or APC. The ratio of Chl-698 to PC/APC fluorescence within a cell varied by about a factor of two: Thylakoids near the center of the cell had the highest relative Chl-698 intensity, whereas those near the periphery had the lowest ratio.
The weak APC-B fluorescence was unevenly distributed along the periphery. The APC-B component is very susceptible to Poisson noise in the spectral data because this component had a low intensity and was spectrally similar to the more intense APC and Chl-685 components. Error analysis indicated that much of the change in the APC-B fluorescence intensity in neighboring voxels was due to noise in the data (data not shown), providing a note of caution when resolving spectrally weak components in the presence of stronger spectrally adjacent components. For this reason the 95% confidence limit is considered when interpreting the results of this study.
One unexpected spectral component was the weak carotenoid fluorescence spectrum with resonance Raman bands superimposed. Although this component contributed only Ϸ0.1% of the total spectral variance, it was easily identified as an independent component because of its spectral dissimilarity and distinct spatial location. The resonance Raman band positions and relative intensities were in line with those reported for carotenoids in PS I and PS II (35, 36) and those of pure ␤-carotene in solution (data not shown).
Chlorophyll Depletion. The 488-nm excitation light is absorbed primarily by phycobilisomes and carotenoids, with subsequent energy transfer to Chl. Therefore, the pigment absorbing the light is not necessarily the complex emitting the corresponding fluorescence. To evaluate this potential issue, a mutant was used that lacks chlL and thus can synthesize Chl in the light but not in darkness (32) . Growth of this mutant under LAHG conditions (15 min of light per day to activate a blue-light receptor needed to maintain long-term viability of the cells) leads to depletion of Chl levels to 5-10% of that found in wild type (33) . However, as shown in SI Fig. 8 , the distribution of thylakoids in the cell is similar to that of cells grown under continuous light or that of the wild-type or PS I-less strain. Fig. 3 presents a mesh plot of the six fluorescence components in the wild type and two mutant strains: the PS I-less strain grown in continuous light and the ChlL-less strain grown under LAHG conditions. To better visualize relative intensities of the various components displayed in Fig. 3 , the total intensity of the fluorescence in each voxel was taken as 100%. A corresponding plot of the same cells with absolute intensities displayed for each component is presented in SI Fig. 9 for comparison. The pattern of the PC, APC, and APC-B distribution in the LAHG-grown ChlL-less cell shown here was qualitatively similar to that in the continuous-light-grown wild-type cell although the dip in the middle of the cell was less pronounced because of the low Chl fluorescence intensity of the ChlL-less cell. The similar distribution of phycobilin fluorescence upon Chl depletion indicated that energy transfer from phycobilisomes to Chl in the wild type did not unduly distort the distribution of phycobilisomes relative to phycobilin emission. The fluorescence distribution in wildtype cells grown under LAHG conditions (wild type retains a normal amount of Chl under these conditions) vs. in continuous light was similar (SI Fig. 5 ), indicating that growth under LAHG conditions does not greatly alter the pigment distribution in cells.
Photosystem I Fluorescence. In another cyanobacterium, Synechococcus sp. PCC 7942, a radial asymmetry of PS I was suggested based on immunocytochemistry, with PS I localized primarily near or at the periphery of the cell (18) . In Synechocystis, Chl with long-wavelength fluorescence emission is associated primarily with PS I (37), and the distribution of the Chl-698 component is more centrally located within the cell compared with the Chl-685 component (Figs. 2 and 3) . To further explore this apparent discrepancy, a PS I-less mutant (31) was investigated (Fig. 3) . As shown in Fig. 3 and SI Table 1 , the Chl-698 component in the PS I-less strain was so low as to be indistinguishable from the noise for most voxels, strengthening both the assignment of the Chl-698 component to PS I-associated Chl and the confidence in the quality of the resolution of the purecomponent spectra.
Variance. Because the MCR results from composite images (see, e.g., SI Fig. 5 ) provide component concentrations for every cell-related pixel in the image, statistical analysis of variance decompositions can be performed to better understand the sources of variance in the image on a component-by-component basis, e.g., pixel-to-pixel variance within a cell vs. cell-to-cell variance within a strain (or growth condition) vs. strain-to-strain variance. Fig. 4 shows this analysis of variance for the composite image in SI Fig. 5 . Fig. 4 demonstrates that the pixel-to-pixel variance is a large source of variance in the composite image because of the often large intensity variations for most components from the edge to the center of the cells. Importantly, except for the dominant PC and weak APC-B component, the strainto-strain variances dominate cell-to-cell variances, indicating that observed differences are due mainly to differences in the strain or LAHG vs. continuous light growth rather than cell-tocell variation. While all fluorescence components are present in all cells, the intensity distribution of components across cells is variable (SI Fig. 5 ). This is consistent with some variation of thylakoid distribution between individual cells as observed in electron microscopy images (2), even though the distribution of thyla- Fig. 3 . Mesh plots of percent total intensity per voxel vs. spatial distribution of the six individual components in a wild-type Synechocystis cell grown in the light (first column), a ChlL-less cell grown in LAHG conditions (second column), and a PS I-less cell grown in the light (third column). Mesh plots indicating the 95% confidence level for the PS I-less cell are in the fourth column. Voxels in green meet the 95% confidence criterion whereas voxels in red do not. Intensity values were normalized on a per-voxel basis such that the total percent intensity of all components summed to 100. x and y axis labels have been removed for simplicity. Each of the cells is Ϸ2 m in diameter.
koids in cells is consistent between strains and growth conditions (SI Fig. 8 ). Noise observed from weakly fluorescent species (particularly APC-B) that are highly overlapped with more intensely fluorescent components contributed to the heterogeneity, but trends on the larger scale are fully significant (Fig. 3,  fourth column) .
One example of such a larger-scale trend is the difference in distribution of phycobilins (toward the peripheral thylakoids) vs. Chl-698 (relatively more prevalent toward the center) (Figs. 2  and 3 ). The data presented here suggest that PS I is enriched in thylakoids toward the center of the cell, whereas phycobilins, which transfer energy primarily to PS II, are associated mostly with the peripheral thylakoids. Significant fluorescence intensity (particularly Chl-698) is observed in the center of cells even though few thylakoids are expected in that location. This is most likely because the center of the cell may have intensity contributions from the inner thylakoid layers above or below the focal plane because of the diffraction-limited resolution in the Zdirection (600 nm) (SI Fig. 10) .
Because Synechocystis has much more PS I than PS II (31), linear electron transport involving both photosystems and leading to O 2 evolution and production of both NADPH and ATP may be localized along the periphery of the cell. Thylakoids closer to the cell center may be involved more in cyclic electron transfer around PS I, which leads to ATP production but not to net NADP reduction or O 2 evolution.
Carotenoid f luorescence with superimposed resonanceenhanced Raman bands was clearly identified in cells. Although the intensity was weak, it was spectrally distinct from other components. Carotenoids are major pigments in the outer membrane, in the cytoplasmic membrane, and in the thylakoids, explaining the observed halo around the cell and general relative distribution of the carotenoid component (Fig. 3) . In contrast, Chl and phycobilisome components are associated only with thylakoids.
Energy Flux and State of Reaction Centers During Illumination. Confocal f luorescence microscopy necessarily involves a high photon f lux density. Based on the light intensity used for illumination, approximately half a million quanta hit a specific pigment molecule during the time of illumination (0.24 ms for each voxel). Because Ϸ0.5% of the light is absorbed by a particular pigment molecule, several thousand quanta will be absorbed in 0.24 ms, corresponding to a quantum being absorbed about every 100 ns. Photosynthetic antennas consist of 100 or more pigment molecules, but the average lifetime of excitations in photosynthetic complexes is Ͻ1 ns (11) . Therefore, the chance of multiple excitations in an antenna complex during the time of illumination is low. Heating of the sample by absorbed light is not a major issue because we estimate the temperature rise due to absorption of our Gaussian-focused laser beam by Chl to be 0.5 K given our exposure time of 0.24 ms per spectrum and beam parameters (23) .
A photosystem excitation rate of Ϸ1 ns Ϫ1 implies that P700, the primary donor in the PS I reaction center, is predominantly oxidized during illumination because electron donation to PS I is much slower. Because P700 ϩ and the long-lived P700 triplet state quench fluorescence (38) , the PS I Chl fluorescence yield is low under our experimental conditions. Similarly, the PS II Chl fluorescence yield is low because P680, the primary donor in the PS II reaction center, primarily remains in the oxidized state during excitation: P680 ϩ , a fluorescence quencher (39) , is reduced on the time scale of 10 ns to several microseconds (40) , and excitations are expected to arrive at the PS II reaction center 10-1,000 times more frequently.
Hyperspectral confocal f luorescence imaging coupled to MCR analysis provides us with the opportunity to obtain new structural information regarding the distribution and relative concentration of photosynthetic pigments in cyanobacteria. With this new system, fluorescence emission maxima only 10-15 nm apart can be easily distinguished and quantified. The signal-tonoise ratio of the collected data and the quality of the fit between the experimental data and calculated spectra illustrate the confidence with which these multivariate data can be analyzed. In addition, statistical measures to identify the significance of the findings as well as detailed analysis of variance calculations have been made based on the MCR compositional analysis of the hyperspectral images obtained from multiple cells, strains, and growth conditions. Finally, in this study the heterogeneity of the pigment distribution in cells, direct carotenoid visualization (via resonance Raman scattering) in the cell wall and membranes, and preferential location of the two photosystems in cyanobacteria were experimentally observed for the first time in vivo.
Materials and Methods
Strains, Culture Conditions, and Electron Microscopy. The Synechocystis sp. PCC 6803 mutant strains have been described before (31, 33) . Cells were grown in BG-11 medium with 5 mM glucose on a shaker at 30°C at a constant light intensity of 5 mol of photons per m 2 per second or under LAHG conditions (41) . The cell density was Ϸ5 ϫ 10 7 cells per milliliter at the time of harvesting. When grown under LAHG conditions, cells were kept in complete darkness for 2 days before the measurement to minimize the Chl content in ChlL-less strains. For electron microscopy, cells were high-pressure-frozen and prepared as described in ref. 2, except that glutaraldehyde was omitted from the freeze-substitution solution. Standard transmission electron microscopy was performed as described in ref.
2.
Hyperspectral Confocal Fluorescence Microscopy. One milliliter of cell suspension was spun down at 300 ϫ g for 2 min, the supernatant was discarded, and the cell pellet was resuspended in the remaining liquid. Cells were spotted on an agar-coated microscope slide. A coverslip was applied, and gentle pressure was applied to minimize movement of cells.
Hyperspectral images were acquired with the confocal microscope described in ref. 23 . The 488-nm laser emission was focused on the sample, and the fluorescence emission spectrum was recorded from 500 to 800 nm at a rate of 4,200 spectra per second. The spectral resolution varied from 1 nm at 500 nm to 3 nm at 800 nm. The excitation power at the sample was 40 W, and the exposure time per voxel was 0.24 ms. These settings limited photobleaching during imaging to 10% or less.
Data Analysis. Data analyses were performed on dual-processor desktop computers using in-house Matlab (Mathworks) code with calls to efficient Cϩϩ subroutines. A composite image was generated containing raw hyperspectral image data from the centermost slice of 3D images of cells of each strain/condition. Voxels outside the cells were not considered in the MCR Fig. 4 .
ANOVA of the emission intensities for each component in the composite image (SI Fig. 5 ) with 10 -12 cells of each strain/condition. The plot presents the percent variance (based on ANOVA results) for each emission component present in the cell.
analysis. Principal component analysis of the composite hyperspectral image data weighted for Poisson noise indicated the presence of six independent spectral components from the cells plus one related to the CCD detector. Thus, an initial seven-component MCR model was developed using an equality constraint on the background spectral signature (determined from the analysis of a dark image) and nonnegativity constraints on the spectra and intensities of all other components (23, 25, 26, 28) . A procedure including genetic algorithm selection of the most orthogonal spectral channels and spatial voxels was used to achieve the final pure spectral MCR components that were used for all subsequent multivariate analyses. A weighted classical least squares analysis (42) was performed using this final set of pure-component spectra to predict the intensities of the original hyperspectral images, as well as of the composite image.
The noise in the hyperspectral image is from Poisson distributed noise and read noise. The error from these noise sources was determined by reconstructing the composite image from the pure components and their intensities obtained from the weighted classical least squares analysis. Poisson and read noise were added to this noise-free image, and weighted classical least squares was used to predict new intensities. These predicted intensities were compared with the noise-free results to generate prediction errors. This process was repeated 30 times to get an estimate of the error due to the noise. The error was calculated on a per-pixel basis for each component at the 95% confidence level.
